Mechanisms leading to subgenomic mRNA (sgmRNA) synthesis in coronaviruses are poorly understood but are known to involve a heptameric signaling motif, originally called the intergenic sequence. The intergenic sequence is the presumed crossover region (fusion site) for RNA-dependent RNA polymerase (RdRp) during discontinuous transcription, a process leading to sgmRNAs that are both 5 and 3 coterminal. In the bovine coronavirus, the major fusion site for synthesis of mRNA 5 (GGUAGAC) does not conform to the canonical motif (UC[U,C]AAAC) at three positions (underlined), yet it lies just 14 nucleotides downstream from such a sequence (UCCAAAC). The infrequently used canonical sequence, by computer prediction, is buried within the stem of a stable hairpin (؊17.2 kcal/mol). Here we document the existence of this stem by enzyme probing and examine its influence and that of neighboring sequences on the unusual choice of fusion sites by analyzing transcripts made in vivo from mutated defective interfering RNA constructs. We learned that (i) mutations that were predicted to unfold the stem-loop in various ways did not switch RdRp crossover to the upstream canonical site, (ii) a totally nonconforming downstream motif resulted in no measurable transcription from either site, (iii) the canonical upstream site does not function ectopically to lend competence to the downstream noncanonical site, and (iv) altering flanking sequences downstream of the downstream noncanonical motif in ways that diminish sequence similarity with the virus genome 5 end caused a dramatic switch to the upstream canonical site. These results show that sequence elements downstream of the noncanonical site can dramatically influence the choice of fusion sites for synthesis of mRNA 5 and are interpreted as being most consistent with a mechanism of similarity-assisted RdRp strand switching during minus-strand synthesis.
Coronaviruses and arteriviruses, both members of the Nidovirus order of plus-strand RNA animal viruses, appear unique among RNA viruses in their use of a discontinuous transcription step during synthesis of subgenomic mRNAs (10, 14, 28, 48, 54) . In both groups of viruses, the transcription pathway ultimately yields a 3Ј coterminal nested set of subgenomic mRNAs that are also 5Ј coterminal with the virus genome. The common 5Ј-terminal sequence, called the "leader," encoded at the genome 5Ј terminus, makes up only a portion of the 5Ј untranslated region in the genome and in each subgenomic mRNA (sgmRNA) species. In general, translation occurs most abundantly from the 5Ј-most open reading frame (ORF) on each sgmRNA. When originally described, the leader was postulated to become fused with the sgmRNA species by a leader-priming mechanism wherein the RdRp undergoes a copy choice jump on the virus genome-length minus-strand template during plus-strand synthesis (4) . The jump in this model would occur for each sgmRNA molecule synthesized, and a postulated 3Ј35Ј exonuclease would trim the large primer (80 to 140 nucleotides [nt]), termed free leader, down to size (72 nt in mouse hepatitis virus [MHV]) (3) . In the leader-priming model, double-stranded sgmRNAlength forms found in coronavirus-infected cells (5, 41, 43, 47) are postulated dead-end products resulting from minus-strand RNA synthesis on sgmRNA templates (23) . A recent alternative model for coronavirus transcription postulates an RdRp jump during minus-strand synthesis wherein the intergenic sequence (IS) would exert an attenuating effect on the RdRp, resulting in a donor to (genomic) leader-containing acceptor template switch at the sites of RdRp pausing (40, 42) . In this model, sgmRNA minus strands (47) possessing a 3Ј antileader sequence (46) and a 5Ј oligo(U) (18) would be generated by a copy choice mechanism and then serve as templates (5, 40, 41, 43, 47) for multiple rounds of sgmRNA synthesis. The IS in this case would "promote" formation of the 3Ј end of the minus-strand templates for sgmRNA synthesis, and there would be no need to postulate an exonuclease for trimming of leader precursors. Since coronavirus sgmRNA molecules cannot yet be experimentally demonstrated to serve as templates for the generation of new rounds of sgmRNA (12, 35, 37) , they cannot be considered replicons as was postulated at the time of discovery of the subgenome-length RNA minus-strand RNAs and double-stranded forms (20, 47) . Furthermore, if the second model of sgmRNA synthesis proves correct and there is no bona fide replication of sgmRNAs, then the sgmRNA-length double-stranded forms cannot be considered replicative intermediates in the fullest sense but rather must be seen as transcriptive intermediates of unique character that remain to be fully characterized (40) .
Fundamental to both models of discontinuous transcription is the question of what directs the RdRp to undergo the copy choice strand transfer. It was noted early on that a heptameric IS found in the genome near the transcription start site of each sgmRNA was also found just downstream of the genomic leader sequence at the 5Ј end of the genome and that the plus strand of one could potentially base pair with the minus strand of the other (4, 9, 49) . This led to the notion that base pairing within the IS was a mechanistic feature of the polymerase crossover event, and names such as transcription-associated sequence and transcription-regulating sequence have also been applied to this element (17, 38, 55, 56) . The requirement for base pairing during transcription has been recently formally proven for arteriviruses by experiments wherein base pairing was fully manipulated in an infectious genomic clone (55) . Transcription rates were controlled by manipulating only the base pairing between these two intergenic elements. Numerous studies with MHV defective interfering (DI) RNAs and the placement of IS elements and various amounts of flanking sequence within the DI RNA have demonstrated that the IS alone is not always sufficient for abundant transcription from that site (2, 22, 24, 25, 33, 34, 35, 53, 56) . In addition, both the greater context of the IS location and the quality of flanking sequences can influence the strength of the IS for transcription initiation. It has been suggested that flanking sequences may contribute through base pairing to aid in similarity-assisted homologous recombination by an RdRp copy choice mechanism (see reference 8 and references therein). However, the rules that would allow prediction of IS strength have not yet been deciphered. It remains unknown what factors determine which molecules (among the genome and sgmRNAs) can become donors and which can become acceptors for the polymerase jump during discontinuous transcription and what factors influence the direction, site, and frequency of the jump. In one extreme case, abundant transcription from sites within the foreign green fluorescent protein gene experimentally placed into the coronavirus genome has so far appeared unexplainable by a simple base-pairing hypothesis (15) .
In an earlier study of bovine coronavirus (BCoV) transcription, it was noted that the leader fusion motif (GGUAGAC) for sgmRNA 5, the mRNA species predicted to synthesize a gene product with a mass of 12.7 kDa, only partially conforms to the consensus IS (UC[U,C]AAAC) (19) (nonconforming sequences are underlined). Furthermore, it lies just 14 nt downstream from such a fully conforming canonical heptameric UCCAAAC sequence that, curiously, is rarely used and is found within the stem of a predicted stable (Ϫ17.2 kcal/mol) hairpin. Here we have documented the existence of the stem and have investigated potential structural determinants of the unusual choice between these two potential fusion sites. We found that placement of the 199-nt-long transcription-initiating region followed by a 92-nt-long reporter into a BCoV DI RNA led to the generation of sgmRNA transcripts from the noncanonical downstream IS, as in the virus genome, which has allowed us to carry out mutagenesis studies on the two IS motifs and their flanking sequences. Our results indicate that sequences downstream of the noncanonical IS motif can exert a stronger influence on the RdRp choice between the two sites than does the apparent secondary structural context of the upstream canonical IS. We conclude that these features are most consistent with a model of sequence similarity-as-sisted, polymerase copy choice strand switching during minusstrand synthesis.
MATERIALS AND METHODS

Virus and cells.
A DI RNA-free stock of the Mebus strain of BCoV at 4.5 ϫ 10 8 PFU/ml was prepared and used as a helper virus (12) . The human rectal tumor cell line HRT-18 (29, 52) was used in all experiments.
Plasmid constructs. Construction of pGEM3Zf(Ϫ) (Promega)-based pDrep 1 (Fig. 1B ) has been previously described (12) . In the complete set of experiments described here, and in all for which data are shown, the 92-nt herpes simplex virus type 1 (HSV-1) glycoprotein D (gD) epitope-encoding sequence (6, 58) was used as the reporter (Fig. 1B and D) . In preliminary experiments and for construction of some of the HSV-1-gD-containing mutants, constructs containing a 42-nt HIV-V3 epitope reporter (32) were used. All oligonucleotides used in plasmid construction are shown in Table 1 , and all molecular manipulations followed standard protocols (39) . To mutate pDrep1 such that it carries the 199-nt-long mRNA 5 transcription-initiating region (i.e., a region containing both the canonical and noncanonical IS sites, beginning 68 nt upstream from the canonical IS and continuing through the first 16 codons of the 12.7-kDa protein ORF [ Fig. 1A to C]) and the 42-nt HIV-V3 reporter, thus making pDrepIS12.7V3, oligonucleotides 12.7V3-3Ј(ϩ) and 12.7-5Ј(Ϫ) were used together with the BCoV genomic cDNA clone pMA5 DNA (29) in a PCR to make a 252-nt product that was trimmed to a fragment of 240 nt with NsiI and cloned into the single NsiI(1665) site of pDrep 1 DNA. The PCR product was also digested with NsiI and BamHI and cloned into NsiI/BamHI-linearized pGEM3Zf(Ϫ) (Promega) to make pGEM3Z12.7, a construct used to facilitate subsequent constructions. To prepare pDrepIS12.7V3-mut1, oligonucleotides 12.7V3-3Ј(ϩ) and M1(Ϫ) were used together with pGEM3Z12.7 DNA to make a 252-nt PCR product that was trimmed to a fragment of 240 nt with NsiI and cloned into NsiI-linearized pDrep 1 DNA. pDrepIS12.7V3-mut2 was similarly constructed, except that oligonucleotides 12.7V3-3Ј(ϩ) and M2(Ϫ) were used in the PCR. To construct pDrepIS12.7V3-mut3, overlap PCR mutagenesis was done with oligonucleotides 12.7V3-3Ј(ϩ), M3(Ϫ), and pDrepIS12.7V3 DNA in the first reaction, oligonucleotides M3(ϩ), 12.7-5Ј(Ϫ), and pDrepIS12.7V3 DNA in the second reaction, and oligonucleotides 12.7 V3-3Ј(ϩ) and 12.5-5Ј(Ϫ) and the products of the first two reactions in a third reaction to make a 252-nt product that was trimmed to a fragment of 240 nt with NsiI and cloned into NsiI-linearized pDrep1. To construct pDrepIS12.7V3-mut4, oligonucleotides 12.7V3-3Ј(ϩ) and 12.7-5Ј(Ϫ) were used in a PCR with pGEM3ZIS12.7 DNA to make a 252-nt product that was trimmed to a fragment of 190 nt with RsaI and NsiI, ligated at the single NsiI junction with NsiI-linearized pDrep1 DNA, filled in at the unligated ends with T4 polymerase, and ligated at the blunt-ended junctions.
To construct pDrepIS12.7gD(pre), identical to pDrepIS12.7V3 except that it carries the 92-nt HSVgD reporter in place of the 42-nt V3 reporter, a three-way ligation was done with (i) the 4,851-nt Bst 1107 I(1864)/HindIII (in vector) fragment from pDrepIS12.7V3, (ii) the 595-bp HindIII (in vector)/NsiI(1905) fragment from pDrep IS12.7V3, and (iii) the 92-bp BamHI (blunted with mung bean nuclease)/PstI (NsiI-compatible) fragment of HSV gD epitope-encoding pJB2 (a pUC-19 vector containing the sequence encoding amino acids 26 through 51 of the HSV-1-gD ORF as a BamHI/PstI fragment (6) ( Fig. 1D ) (a kind gift from J. Bowen). To correct a missing A in pDrepIS12.7gD(pre) at position 1858 (also missing in all pDrepIS12.7V3 constructs, resulting in an out-of-frame reporter with the gene 5 ORF) and to correct a spontaneous C-to-T mutation affecting the fifth amino acid position in the HSV gD epitope (resulting in an unwanted alanine (GCG)-to-valine (GTG) change ( Fig. 1D ), thus forming pDrepIS12.7gD, megaprimer PCR mutagenesis (21) was used. For this, oligonucleotide 12.7gD(ϩ), 12.7 5Ј(Ϫ), and pDrepIS12.7gD(pre) DNAs were used in a PCR to make a product of 228 nt that was used with oligonucleotide BCV3Јend(ϩ) and pDrepIS12.7(pre) DNAs in a second PCR to make a product of 707 nt that was trimmed to a fragment of 280 nt and cloned into BamHI(1667)/ EcoRI(1947)-linearized pDrepIS12.7gD(pre) DNA. To construct pDrepIS12.7gD-mut1, the 287-nt mutation 1-containing SpeI (1441)/SpeI (1728) fragment from pDrepIS12.7V3-mut1 was ligated into the equivalent sites of pDrepIS12.7gD. pDrepDIS12.7gD-mut2 was similarly constructed, except that the SpeI/SpeI fragment came from pDrepIS12.7V3-mut2. To construct pDrepIS12.7gD-mut3, overlap mutagenesis was done with oligonucleotide M3(ϩ), GpD4(ϩ), and pDrepIS12.7gD DNAs in the first reaction, oligonucleotide M3(Ϫ), 12.7-5Ј(Ϫ), and pDrepIS12.7gD DNAs in the second reaction, and oligonucleotides pgD4(ϩ) and 12.7-5Ј(Ϫ) and the products of the first two reactions in a third reaction to make a 262-nt product that was trimmed to a fragment of 198 nt with BamHI and KpnI and cloned into BamHI(1667)/KpnI(1865)-linearized pDrepIS12.7gD. pDrepIS12.7gD-mutants 5, 6, 7, 8, 9, 10, 12, 13, 16, 17, 47, and 48 were constructed identically to mutant 3 except that oligonucleotides M5(ϩ) and M5(Ϫ), M6(ϩ) and M6(Ϫ), M7(ϩ) and M7(Ϫ), M8(ϩ) and M8(Ϫ), M9(ϩ) and M9(Ϫ), M10(ϩ) and M10(Ϫ), M12(ϩ) and M12(Ϫ), M13(ϩ) and M13(Ϫ), M16(ϩ) and M16(Ϫ), M17(ϩ) and M17(Ϫ), M47(ϩ) and M47(Ϫ), and M48(ϩ) and M48(Ϫ) were used in the first and second reactions, respectively. pDrepIS12.7gD-mutants 11, 14, and 15 were prepared by overlap mutagenesis (21) , as were mutants 10, 6, and 6, respectively, except that the plasmid DNAs used in the overlap PCR were, respectively, pDrepIS12.7gD-mut9, pDrepIS12.7-mut12, and pDrepIS12.7-mut5. To construct pDrepIS12.7gD-mut4, oligonucleotide 12.7-5Ј(Ϫ), Rev(ϩ) (which binds within the vector), and pDrepIS12.7gD DNAs were used in a PCR to make a 950-nt product that was digested with SpeI (which cuts at the 3Ј side of the loop at nt 1728 in pDrepIS12.7gD), blunt-ended with mung bean nuclease, digested to a fragment of 780 nt with HindIII, and cloned into BamHI-digested, mung bean nucleaseblunt ended, HindIII-digested pDIS12.7gD DNA. To construct pDrepIS12.7gD-mut20, pDrepIS12.7gD-mut3 was digested with SpeI, blunt ended with mung bean nuclease, and digested with KpnI to form a 140-nt fragment that was cloned into mung bean nuclease-blunt-ended/Kpn-linearized pDrepIS12.7gD DNA.
To construct pGEM4ZIS12.7EP, from which T7 RNA polymerase-generated transcripts were made for RNA enzyme probing, the 198-nt BamHI/KpnI fragment from pDrepIS12.7gD was ligated into BamHI/KpnI-linearized pGEM4Z (Promega) to form pGEM4ZIS12.7. Thirty nucleotides of vector sequence in the multiple cloning region of pGEM4ZIS12.7 was removed by digestion with HindIII and BamHI, filling in of the vector ends with DNA polymerase I Klenow fragment, and ligation of the ends to form pGEM4ZIS12.7EP.
Enzyme structure probing of RNA. The protocol for enzyme structure probing of RNA described previously (11) with modifications (16, 27, 50) was used. For in vitro synthesis of RNA, 10 g of EcoRI-linearized, mung bean nuclease blunt-ended pGEM4ZIS12.7EP DNA was transcribed with 80 U of T7 RNA polymerase (Promega) in a 100-l reaction mixture. The resultant 204-nt-long transcript included 11 nt of vector sequence at its 5Ј terminus. The product was treated with RNase-free DNase (Promega), extracted with phenol-chloroform, then chloroform, chromatographed through a Biospin 6 column (Bio-Rad), spectrophotometrically quantitated, and stored in water at Ϫ20°C. Forty micrograms of RNA was heat denatured and renatured in a 400-l reaction volume containing 30 mM Tris HCl (pH 7.5)-20 mM MgCl 2 -300 mM KCl by heating to 65°C for 3 min and slow cooling (0.5 h) to 35°C. two micrograms of RNA was incubated in a 100-l reaction volume containing 30 mM Tris HCl (pH 7.5)-20 mM MgCl 2 -300 mM KCl, 5 g of tRNA, and 0.0001, 0.001, 0.01, 0.1, or 0.5 U of RNase CV 1 (Kemotex Bio Ltd., Tallin, Estonia) or 0.1, 0.5, or 1.0 U of RNase T 1 (GIBCO). Reactions were performed at 25°C for 15 min and terminated by the addition of 150 l of 0.5 M sodium acetate. RNA was extracted with phenolchloroform, then chloroform, ethanol precipitated, redissolved, and used for primer extension with 5Ј-end-labeled minus-strand-binding oligonucleotide M13(Ϫ). Equal amounts of undigested RNA were used to generate a sequencing ladder with the same end-labeled oligonucleotide. The extended products were analyzed on a DNA sequencing gel of 6% polyacrylamide.
Northern assay for DI RNA replication and DI RNA-encoded sgmRNA synthesis. The Northern assay was performed essentially as previously described (12, 47) . Briefly, cells at 80% confluency (10 6 cells) in 35-mm-diameter dishes were infected with BCoV at a multiplicity of 10 PFU per cell and transfected with 600 ng of transcript at 1 h postinfection (hpi). For passage of progeny virus, supernatant fluids were harvested at 48 hpi, and 500 l was used to directly infect freshly confluent cells in a 35-mm dish. RNA extracted by the NP-40-proteinase K digestion method (approximately 10 g per plate) was stored as an ethanol precipitate, and 2.5 g per lane was used for electrophoresis in a formaldehydeagarose gel. Approximately 1 ng of transcript was loaded per lane when used as a marker. Northern blots were probed with oligonucleotide gpD4(ϩ), 5Ј-end labeled with 32 P to specific activities ranging from 1.5 ϫ 10 5 to 3.5 ϫ 10 5 cpm/pmol (Cerenkov counts), and exposed to Kodak XAR-5 film in the presence of an intensifying screen for 6 h to 5 days at Ϫ80°C.
Sequence analysis of progeny mRNAs. For direct sequencing of asymmetrically amplified cDNA, the procedure as described by Hofmann et al. (19) was used. For this, oligonucleotides 12.7gD(ϩ) and leader(Ϫ) were used for reverse transcription-PCR (RT-PCR) with RNA extracted at 6 hpi from cells infected with the first-passage virus following transfection, and radiolabeled oligonucleotide 12.7gD(ϩ) was used for sequencing.
For sequencing cDNA clones of progeny mRNA species, RNA was extracted at 6 hpi from cells infected with first-passage virus, and oligonucleotides 5ЈgD(ϩ) and leader(Ϫ) were used for RT-PCR. Amplified fragments were cloned with the TOPO XL PCR cloning kit (Invitrogen), and dideoxynucleotide sequencing was done on purified DNA using oligonucleotide leader(Ϫ). 
Synthetic oligonucleotides and accession numbers.
The oligonucleotides used in this study are described in Table 1 , and GenBank accession numbers for the sequences studied are M62375, M16620, and M30612 (1, 12, 29) .
RESULTS
The upstream infrequently used canonical IS (site 1) for mRNA 5 synthesis is buried within the stem of a stem-loop as deduced from enzyme structure probing. Data showing that BCoV uses a downstream noncanonical IS as a fusion site for synthesis of mRNA 5 were derived from the sequencing of asymmetrically amplified PCR products of leader-mRNA body junction sequences from both the positive-and negative-strand RNA templates (19) . Inasmuch as base pairing between the IS regions and the analogous region at the 3Ј end of the 5Ј genomic leader is an essential feature of the RdRp crossover event in discontinuous transcription (assuming the story is the same for coronaviruses as for arteriviruses [55] ), accessibility of one strand for the other would be a presumed requirement. Curiously, the BCoV genome sequence in the region of the potential upstream IS fusion site for synthesis of mRNA 5 by both the Tinoco (51) and Zuker (57) algorithms is predicted to be within the stem of a stable stem-loop structure (the predicted Tinoco structure is shown in Fig. 1C , and the Zuker structure is shown in Fig. 2A ). It therefore seemed that the helical region might inhibit the use of the upstream site for leader fusion, perhaps by impeding base pairing between the plus-and minus-strand elements. To test for the existence of the predicted helical region, enzyme structure probing was done on the isolated 199-nt-long IS-containing region ( Fig. 2A  and B ). Whereas the double-stranded regions for the whole transcript identified by enzyme structure probing were in general more consistent with the structure predicted by Zuker than by Tinoco, the helical region surrounding site 1 was as predicted by both algorithms. That is, the bases immediately upstream of site 1 and the CAAAC within site 1 are part of a helical region as indicated by strong reactions with the singlestrand-specific and double-strand-specific enzymes. The region immediately downstream of site 1 for a distance of 13 nt reacted as a single-stranded region as predicted by both algorithms. Site 2 appeared to be part of a double-stranded structure as well, although there is less agreement between the predicted and probed structures for this element. The sequence for a stretch of 16 nt downstream of site 2 appears to be mostly in a helical configuration.
Placement of the entire mRNA 5 wild-type (wt) IS region (199 nt) and a reporter sequence (92 nt) into the BCoV DI RNA led to transcription patterns indistinguishable from those directed by the BCoV genome. To test whether the helical region surrounding the canonical IS is an important factor in determining the use of site 1, we used the BCoV DI RNA system described earlier by Chang et al. (13) to examine the effects of mutations on subgenomic mRNA expression. This DI RNA has been successfully used to study subgenomic mRNA expression from a different set of ISs (26) . When transcripts of pDrepIS12.7gD, the pDrep1 plasmid modified to carry the 199-nt IS region for the 12.7-kDa protein and the 92-nt HSV gD epitope reporter, were transfected into helper virus-infected cells, replication of the DI RNA genome in these and in cells infected with progeny virus appeared unimpaired relative to that of pDrep1 when evaluated by Northern analysis with a probe specific for the DI RNA genome sequence (Fig. 3A , lanes 3 to 6 and 9 to 12, and data not shown). Furthermore, sgmRNA transcripts of the expected size were revealed by Northern analysis using an HSV-gD-specific radiolabeled probe (Fig. 3A, lanes 9 to 12) , and sequencing of asymmetrically amplified cDNA derived from passage 1 virus showed the use of the noncanonical downstream (site 2) over the canonical promoter (site 1) as the site of leader fusion (Fig.  3B) . The results were the same in preliminary experiments with the V3-containing RNA (data not shown). This picture, therefore, mimicked that observed for the virus genome (19) . To evaluate this transcription pattern by examining individual transcripts, mRNA 5-specific cDNA products prepared from cells infected with passage 1 virus from pDrepIS12.7gD RNA were cloned and sequenced. These revealed that the predominant but not exclusive transcripts (8 of 10 clones) came from site 2, whereas 10% (1 in 10 clones) came from the upstream canonical site 1, and 10% (1 in 10 clones) came from a newly identified site, labeled site 3, just downstream of site 2 (Fig. 4) . Thus, the DI RNA-derived construct appeared to mimic the virus genome with regard to the predominant transcription product from this region of the genome. Mutations designed to make the canonical sequence (site 1) conform to the most common canonical motif (UCUAAAC), to unfold the upstream site-containing stem-loop, or to make the noncanonical downstream sequence (site 2) totally nonconforming failed to switch the leader fusion site from site 2 to site 1. To test the notion that the upstream canonical IS is not used because it fails to conform to the most common of the canonical motifs (UCUAAAC), site 1 in pDrepIS12.7gD was mutated to TCTAAAC to make mutant 5. Although mutant 5 showed wt levels of replication and sgmRNA synthesis as determined by Northern analysis, site 2 was still the primary fusion site used as determined by the sequencing of asymmetrically amplified cDNA (data not shown; Fig. 5 ; Table 2 ).
To test the notion that the upstream canonical motif is not used because it is buried within a stable stem and is therefore inaccessible for base pairing, three separate mutations that were predicted to unfold the stem were tested. These were present in mutants 1, 2, and 4 of pDrepIS12.7gD (Fig. 5 ). In mutant 1, nucleotide changes were made within the lower portion of the upstream side of the stem such that the downstream lower half of the stem would be expected to hold the UCCAAAC motif in a nonhelical region of the plus-strand RNA molecule. This prediction also holds true for the minusstrand equivalent of this structure. Transcripts of mutant 1 replicated as well as those of wt pDrep12.7ISgD, and an sgmRNA species was made, as evidenced by Northern analysis (Fig. 3A, lanes 33 to 36) and RT-PCR analysis (data not shown). Sequencing of asymmetrically amplified DNA, however, revealed that site 2 was still used as the fusion site for synthesis of sgmRNA ( Fig. 5 ; Table 2 ). This was true as well in preliminary experiments with mutant 1 of the V3-containing plasmid (data not shown). Surprisingly, identical results were obtained for mutants 2 and 4 of the gD-containing constructs ( Fig. 5 and Table 2 ; also data not shown) and in preliminary experiments with the V3 mutant 2-and mutant 4-containing constructs (data not shown). In mutant 2 the whole of the stem was predicted to unfold as a result of disrupted base pairing throughout the stem, and in mutant 4 the upstream side of the The 207-nt-long T7 RNA polymerase-generated transcript containing 193 nt of the 199-nt-long mRNA 5 IS region was treated with RNases as indicated, and a 5Ј end-labeled oligonucleotide binding at the 3Ј end of the transcript was used for primer extension. Lanes: 1 through 5, CV 1 digestion with 0.0001, 0.001, 0.01, 0.1, and 0.5 U/ml, respectively; 6, undigested RNA; 7 through 9, RNase T 2 digestion with 0.5, 0.1, and 1.0 U/ml, respectively; 10 through 13, sequencing ladder generated from the same transcript using the same primer. Base positions noted are those for the pDrepIS12.7 DI RNA. Positions of the IS1 and IS2 motifs are noted, as are the deduced stem-loop structures. stem and the entire loop were deleted. By both the Tinoco and Zuker algorithms, no new stable helical structures were predicted to arise in the region of site 1 as a result of these mutations. Thus, it appeared that the use of the upstream canonical site was not encouraged by an unfolding of the stem in which it is found.
To test the notion that site 2 is preventing the use of site 1 by locally domineering RdRp behavior, site 2 was made totally nonconforming by converting GGTAGAC in pDrepIS12.7gD to CAGCTCA, making mutant 3. Transcripts of mutant 3 underwent wt levels of replication as determined by Northern analysis, but surprisingly, by both Northern analysis and RT-PCR designed to amplify HSVgD sequence-containing sgmRNAs, there was no evidence of sgmRNA synthesis (Fig.  3A , lanes 14 to 17; RT-PCR data not shown). Thus, nonuse of site 1 cannot be attributed to a preemptive use of site 2 by the RdRp. When the nonconforming sequence in site 2 of mutant 3 was combined with the contextual changes at site 1 of mutant 4, making mutant 20, there was still no sgmRNA synthesis in the presence of wt levels of genome replication as determined by Northern analysis (Fig. 3A, lanes 19 to 22) . Small amounts of sgmRNA synthesis for mutant 20 could be detected by RT-PCR, however, but no crossovers at sites 2 or 1 were detected, and sgmRNA synthesis occurred from a heretoforeunrecognized site beginning immediately downstream of site 3 ( Fig. 5 ; Table 2 ). The IS in this instance, termed site 4, has the sequence UUUAAGC, in which five of the seven bases conform to the consensus IS motif (nonconforming bases are underlined).
The upstream canonical IS does not function ectopically to cause transcription from the downstream noncanonical site, nor does the initiation codon for the 12.7-kDa protein influence IS usage. Since the five separate mutations described above that were made within the regions of site 1, the stemloop, and site 2 failed to cause a switch from site 2 to site 1 as hypothesized, other factors within the IS-containing region were sought that might explain the heavy use of noncanonical site 2. How can it be that an IS in which three out of the seven nucleotides are nonconforming show such strong fusion activity? Three possibilities were tested. The first was that the upstream conforming IS is working at a distance to cause a polymerase strand transfer at the downstream site. To test this, site 1 was changed to a totally nonconforming sequence, AGGUUUG, creating mutant 12. Whereas transfected RNA of mutant 12 replicated at wt levels based on Northern analysis, transcription was also at wt levels, and the predominant fusion site was site 2, as learned from the sequence of asymmetrically amplified cDNA ( Fig. 5 ; Table 2 ). Thus, site 1 is not working ectopically to deliver competence to site 2.
To test the possibility that the 12.7-kDa protein ORF start codon somehow gives direction for the synthesis of mRNA from site 2, the start codon was mutated from AUG to UUG, thus creating mutant 13. No differences in replication or sgm-RNA synthesis patterns were observed between mutant 13 and wt pDrepIS12.7gD (data not shown), indicating that the start codon for the 12.7-kDa protein ORF plays no role in directing the transcription event ( Fig. 5 ; Table 2 ). This is consistent with the results of preliminary experiments with pDrepIS12.7V3 and its mutants 1, 3, and 4, for which subgenomic transcripts were generated but none of which had a reporter ORF inframe with the 12.7-kDa protein ORF (data not shown).
Mutations made downstream of the downstream noncanonical site 2 in DI RNA, designed to decrease sequence similarities with the genome 5 end, caused leader fusion to take place at the upstream canonical site 1. To test the third possibility, that sequences flanking the downstream noncanonical IS contribute to RdRp strand switching at site 2 through a sequence similarity between putative donor and acceptor templates in this region, two other mutants were tested. The idea that flanking sequences might contribute to similarity-assisted strand transfer stems from two sets of observations: (i) earlier work of members of our group (13) and the work of others (60) showing that downstream flanking sequences near the genomic leader junction are important in directing polymerase crossover during high-frequency leader switching on genomic DI RNA (36) and (ii) the observation that a general clustering of 9 to 17 identical bases occurs within a 22-nt-long stretch immediately surrounding the eight ISs in the BCoV genome ( Fig.  6 ). Especially noteworthy in the second case is the grouping of 5 to 7 nt within the downstream flanking 10 bases of the abundantly produced mRNAs 2, 2-1, 5, 5-1, 6, and 7.
Since the region of high-frequency strand crossover during DI RNA leader switching occurs in an 8-nt AU-rich sequence of perfect identity just downstream of the genomic leader (13), we first chose to test a mutant that maintained AU richness but in which base identity was disrupted in the 6 nt mapping just downstream of site 2. For this we made mutant 6, in which AAUAUU replaced the wt sequence UUAUAA (Fig. 5 ). Mutant 6 underwent replication and supported sgmRNA synthesis (Fig. 3A, lanes 24 to 27) , but, surprisingly, no transcripts were made from site 2 and almost all were made from the upstream canonical site 1. Of the 11 clones sequenced, 8 came from site 1, 1 from a novel site located 61 nt upstream from site 1, and 2 from novel sites located at positions of 1 and 2 nt downstream of site 2, respectively ( Table 2 and described below). Curiously, the two clones coming from within site 3 had the fusion sequence UCCAAAC, which suggests the use of a leader template other than that on the virus genome (see below). Thus, changing the downstream flanking sequence of the downstream noncanonical IS in the context of the wt upstream stem resulted in a switch in fusion sites from site 2 to site 1.
To test whether decreasing sequence similarity with the genome 5Ј end in this downstream flanking region is, independent of its AU richness, important for this result, the 6-nt downstream flanking sequence of promoter 2 was made GC rich by replacing nucleotides UUAUAA in the wt sequence with CCGCGG at site 3, creating mutant 8. Transcripts of mutant 8 underwent replication and supported sgmRNA synthesis (Fig. 3A, lanes 29 to 32) , and in a pattern almost like that of mutant 6, all of the sgmRNAs came from site 1 (Fig. 5 ; Table 2 ). Thus, a decrease in base similarity in the downstream flanking region of site 2 with the analogous region of the genome 5Ј end, whether it be AU or GC rich, discouraged the use of fusion site 2 and encouraged the use of site 1. Nucleotide sequence similarities in the downstream flanking region with the putative genomic leader template, therefore, appeared in this instance to be a decisive factor in determining where the RdRp will switch strands.
In a separate set of experiments, the GGUAGAC noncanonical heptameric sequence, which occurs only once in the entire BCoV genome (K. Nixon and D. Brian, unpublished data), was placed into pDrepIS12.7gD at different positions to determine if this motif alone could function independently as a strong fusion site. For this, GGUAGAC was positioned at site 1 and at sites beginning at base positions 7, 47, and 48 nt downstream of site 2 by mutating the natural bases in these regions, thus forming mutants 9, 7, 47, and 48, respectively ( Fig. 5 ). Transcription patterns from mutants 9, 47, and 48 were very similar to those with wt pDrepIS12.7gD, wherein nine of nine sequenced clones for mutant 9 came from site 2, five of six clones for mutant 47 came from site 2 and one came from site 1, and five of six clones for mutant 48 came from site 2 and 1 from site 3 ( Table 2) . Likewise, clones from mutant 11, which combined the mutations of mutants 9 and 10, also came predominantly (five of six clones) from site 2. Mutant 7, however, did not function as a crossover site but rather, as with mutants 6 and 8, caused the crossover to shift to the canonical motif at site 1. Thus, the GGUAGAC motif does not appear to function as an independent fusion site in all sequence contexts. Furthermore, since the results for mutant 7 are the same as those for mutants 6 and 8, we would postulate that the same mechanism is involved. That is, with mutant 7 there is a resultant decrease in nucleotide sequence similarity with the immediate downstream flanking sequence of the putative genomic leader template.
Can the use of the 5 termini of sgmRNA molecules 5-1 and 6 be induced as acceptors for the RdRp jump by making the downstream flanking 25 nt in DI RNA identical to the 5proximal sequences on these sgmRNA species? Inasmuch as the coronavirus genome alone is sufficient to initiate infection (7, 44, 59) , the 5Ј-terminal genomic leader sequence must initially be the only potential acceptor molecule for the RdRp jump were it to happen during minus-strand synthesis (42) . Soon after infection is established, however, sgmRNAs become much more abundant than virus genome and are theoretically available as acceptor molecules for the RdRp jump during minus-strand synthesis (20, 47) . The comigration of genome-size and subgenome-size replicative intermediates in fractionated replication complexes (45) is consistent with this idea, although it is not yet known if the two types of doublestranded intermediates (genomic and subgenomic) are physically associated within a common RNA-synthesizing complex. Intriguingly, four separate clones in our experimental results had leader mRNA body junction sequences of UCCAAACC, which is a result (i.e., a C in the third position, underlined) that is difficult to explain by a copy choice event involving only the leader junction sequence on the genomic leader (a sequence of UCUAAAC), since the C in the third position also could not have been donated by the genomic donor strand. One example is depicted in Fig. 7A which comes from clone #8 of mutant 14. The only plausible explanation, barring a PCR artifact, is that the RdRp jumped to a molecule of mRNA 5-site 1 (i.e., the mRNA from gene 5 using site 1 for the 12.7-kDa protein; Fig. 4 ), mRNA 5-1 (mRNA for the E protein; Fig. 6 ), or mRNA 6 (mRNA for the M protein; Fig. 6 ), all of which have UCCAAAC as the leader junction sequence. Alternatively, since minus-strand copies of these mRNA species exist (19, 20) that could in theory have served as templates for synthesis of mRNA plus-strand copies by way of a mispriming at the 3Ј terminus of the minus strand by the gD primer in the RT reaction, artifactual clones could have arisen. Subsequent amplification in this case could have then been carried out with the intended 3Ј and 5Ј primers to ultimately yield an artifactual clone. A second alternative explanation is that the C in the third position arose from a PCR-generated mutation. To try to experimentally induce a copy choice crossover that would utilize a leader (and possibly leader junction) template source on sgmRNA, molecules of two designs were used. Mutants 16 and 17 were made in which regions of 25 nt in length just downstream of site 2 maintained an identity of 100% with the 5Ј-end regions of mRNAs 5-1 and 6, respectively (Fig. 7B) . The rationale was that with enhanced sequence similarity, a leader-generating RdRp jump with these mRNAs serving as receptor species at site 2 would also be enhanced. Whereas replication and sgmRNA synthesis from both mutants were at wt levels as determined by Northern analysis, the only sgmR-NAs found were those resulting from a fusion at site 1. Thus, induced fusion with mRNAs 5-1 and 6 was not accomplished by these mutations, and a movement of crossover from site 2 to site 1 in reporter-containing mRNA 5 molecules was obtained. Since the base changes in mutants 16 and 17 had the result of decreasing sequence similarities with the virus genome 5Ј end, the switch to site 1 may have shared mechanistic features with the process observed for mutants 6, 7, and 8.
DISCUSSION
The importance of flanking sequences in coronavirus sgmRNA synthesis. In this study, we have analyzed the question of how it is that a noncanonical IS motif can be chosen over a closely positioned upstream canonical site during transcription in the BCoV in the generation of sgmRNAs. The study differs from others using a DI RNA reporting system in that here two naturally occurring, closely positioned IS motifs yielding an unusual transcription pattern were used for mutational studies. We have confirmed previous reports on the properties of coronavirus ISs by showing that flanking sequences can critically influence the strength of a given fusion site (2, 22, 24, 25, 34, 35, 53, 56) . We have extended these observations in the following ways. (i) We have shown that sequences downstream (in the 3Ј direction) of the IS motif in the genome can exert a decisive influence on which of two nearby upstream promoters will be used, even overpowering sequence similarities within the heptameric IS itself. In many ways, this parallels the influences on leader switching at the 5Ј end of the DI RNA genome for which sequences downstream of the heptameric motif, primarily AU rich in BCoV (13) and MHV (60), were shown to be a region of crossover for the RdRp during leader switching (13) . (ii) We present evidence suggesting that secondary structure surrounding an IS motif might not be a primary determinant in the choice of that site for leader fusion (discussed further below). (iii) We present evidence supporting the notion (42) that sgmRNAs rarely if ever serve as receptor templates for the RdRp jump and are thus, as a consequence, rarely if ever indirectly the source of leader sequence on sgmRNAs as it has been postulated (13, 26) . If sgmRNAs were to serve as templates, we would first expect a large number of cloned products in our experiments to be recombinant molecules between the HSVgD reporter and site 2-specific mRNA 5 leader junction sequences, since (i) wt site 2-specific mRNA 5 molecules are the predominant mRNA 5 species in virus-infected cells (19) , and (ii) extensive base pairing would exist between these templates. None were found. Second, in experiments with mutants 16 and 17, no FIG. 7 . Possible use of sgmRNAs as acceptor molecules for the RdRp crossover. (A) sgmRNA 5 site 1 could have theoretically served as an acceptor molecule for the RdRp jump from mutant 14 DI RNA, creating the reporter-containing recombinant clone #8 as depicted. The virus genomic leader with its junction sequence of UCUAAAC could not have given rise to clone #8 with a junction sequence of UCCAAAC as depicted. (B) The sgmRNA molecules predicted to arise from DI RNA mutants 16 and 17. In mutant 16, a region of high identity with the 5Ј end of mRNA 5-1 (mRNA for E protein) and in mutant 17, a region of high identity with the 5Ј end of mRNA 6 (mRNA for M protein) were made and tested for leader fusion. The crossover could have occurred anywhere within the region of continuous asterisks to generate the predicted transcripts.
HSVgD-containing clones looking like recombinants with these messages were found despite an extensive region (25 nt) of base identity with mRNAs 5-1 (encoding the E protein) and 6 (encoding the M protein).
Does secondary structure influence the polymerase crossover site? The surprise to us in these studies was that we were unable by relieving the putative helical structure surrounding the upstream site to cause a switch in crossover to this site. The speculation that this would happen was based on the knowledge that base pairing within the intergenic region is part of the signal promoting the crossover event, as shown in several studies with coronavirus DI RNAs (17, 22, 35, 56) and with the infectious cDNA clone for the arterivirus genome (55) . Presumably, since the IS is within the loop of a stem-loop in the 3Ј flanking region of the BCoV genomic leader (13) and in the analogous region near the arterivirus leader (55), a linear region of the RNA would facilitate the base pairing. The linear nature of the upstream IS in mutants 1, 2, and 4, however, is only a prediction, and physical mapping studies may reveal differences from these predictions. Sequences in the region of the upstream canonical site no doubt play an important role in the choice of fusion sites, however, since the combined set of mutations in mutant 20 caused a whole new junction sequence to appear downstream of site 3, recognized as site 4. Clearly, what determines the availability of nucleotides for base pairing remains to be fully determined.
How do flanking sequence similarities contribute to the decision of where the RdRp will jump? We think the data reported here are most consistent with the model of similarityassisted RdRp strand transfer (RNA recombination) during minus-strand synthesis (8, 40, 42) , and the figures throughout the paper are drawn with this model in mind. We think this model is consistent with the one presented by Chang et al. (13) , wherein the RdRp jump takes place during minus-strand synthesis in the process of leader switching on DI RNA, and base pairing downstream of the heptameric IS contributes to, and in some cases solely determines, the polymerase strand switching event. In the model of Chang et al., the RdRp crossover can take place within or very near the heptameric IS, and the only potential templates for leader exist on genome or sgmRNAs, since RNase protection experiments showed no evidence of a "free" leader. As drawn in Fig. 6 , the jump during transcription (or the events leading up to transcription) could take place anywhere within the region of the solid asterisks, which in the cases of mRNAs 2 and 7 could extend 4 bases downstream of the IS, or in the cases of mRNAs 2, 3, 5-1, 6, and 7 could extend 3, 4, 2, 3, and 1 base upstream of the IS, respectively. Thus, in the case of leader switching on the DI RNA 5Ј end, an extension of the model of Sawicki and Sawicki (40, 42) , the RdRp jump could occur well downstream of the heptameric IS in a region of AU richness (8, 13) , whereas in the RdRp jump at site 2 for mRNA 5 synthesis, the jump occurs within the IS region but is decisively influenced by the homology with the AU-rich downstream flanking sequence. It can be envisioned, therefore, consistent with the Sawicki model, that the nascent minus strand made during minus-strand synthesis is temporarily encouraged to separate from its template strand (i.e., breathe) and switch to an analogous region on another molecule. Our data support the model of the Sawickis (42) too in that few, if any, sgmRNAs appear to serve as acceptor mole-cules for the RdRp during the jump. More work is required, however, to determine the origin of the sgmRNAs that appeared to have been derived from an RdRp jump to another sgmRNA (Fig. 7A) .
A number of recent studies have suggested that the ISs in the plus or minus strand sense, in addition to being regions of base pairing, are also motifs to which viral or cellular proteins attach to bring the points of fusion into close proximity, thus facilitating an RdRp jump (references 30 and 31 and references therein). In this regard, the cellular protein Hn RNP-A1 has been demonstrated to bind to the 5ЈUUUAG3Ј motif, a motif found within the minus-sense ISs in MHV (31) . Inasmuch as BCoV and MHV share the same consensus ISs in the minus strand (GUUUA/GGA), the same mechanism might be postulated to extend to BCoV. If the proposed protein binding mechanism is correct, then the experiments presented here would suggest that the underlined bases within the sequence 5Ј GUCUACC3 would also suffice as an Hn RNP-A1 binding site. Likewise, the UUA sequence in the minus-sense strand of the IS for a recently described noncanonical site for MHV sgmRNA synthesis (61) should also suffice. These remain to be shown.
What is the biological significance of a functional but noncanonical IS motif in coronavirus transcription? Alternative, noncanonical fusion sites have been identified in the equine arteritis arterivirus and have been shown, by mutational analysis of the infectious cloned genome, to be important in the regulation of gene expression for optimal viral growth (38) . At this time, since no comparable infectious clone for BCoV exists, we are unable to examine the question by the same experimental approach. We note, however, that the use of the downstream noncanonical site is, although preferred, an alternative to the canonical site and thus may be playing a heretofore undetermined regulatory role important to the BCoV life cycle. We also note that gene 5 of HECV 4408F92, a close relative of the BCoV (62), uses an identical downstream noncanonical site (H.-Y. Wu, A. Ozdarendeli, and D. A. Brian, unpublished data), which suggests an evolutionary pressure for retention of the noncanonical transcription motif in these two viruses.
